Chemotherapy of malaria parasites is limited by established drug resistance and lack of novel targets. Intraerythrocytic stages of Plasmodium falciparum are wholly dependent on host glucose for energy. Glucose uptake is mediated by a parasite-encoded facilitative hexose transporter (PfHT). We report that O-3 hexose derivatives inhibit uptake of glucose and fructose by PfHT when expressed in Xenopus oocytes. Selectivity of these derivatives for PfHT is confirmed by lack of inhibition of hexose transport by the major mammalian glucose and fructose transporters (Gluts) 1 and 5. A long chain O-3 hexose derivative is the most effective inhibitor of PfHT and also kills P. falciparum when it is cultured in medium containing either glucose or fructose as a carbon source. To extend our observations to the second most important human malarial pathogen, we have cloned and expressed the Plasmodium vivax orthologue of PfHT, and demonstrate inhibition of glucose uptake by the long chain O-3 hexose derivative. Furthermore, multiplication of Plasmodium berghei in a mouse model is significantly reduced by the O-3 derivative. Our robust expression system conclusively validates PfHT as a novel drug target and is an important step in the development of novel antimalarials directed against membrane transport proteins.
I
nfection with Plasmodium falciparum causes malaria, which kills 1 million children and afflicts a further 400 million individuals every year. New drugs are urgently needed to treat malaria because conventional cheap treatment options are compromised by drug resistance. Parasite membrane transport proteins have not yet been actively exploited as drug targets (1) . Asexual stage parasites require a continuous supply of glucose to survive and multiply (2) , suggesting that the hexose transporter (PfHT) of P. falciparum is a potential drug target (3) . Large increases in glucose utilization by infected erythrocytes may also divert this essential substrate from host tissues to parasites sequestered in microvasculature, thereby exacerbating pathophysiological processes in cerebral malaria and providing another reason to search for inhibitors of PfHT (4) .
There are other reasons for supposing that PfHT is a good novel drug target. It is a single-copy gene with no close paralogues in the fully sequenced falciparum genome (5), and there is no variation in derived amino acid sequence of PfHT in laboratory and field isolates that we have studied (6) . However, identification of a specific inhibitor of PfHT will only validate this transporter as a drug target if it also kills parasites. With this investigative approach, redundant pathways for hexose uptake by intraerythrocytic parasites are effectively excluded.
We therefore functionally characterized PfHT by using the Xenopus laevis heterologous expression system and previously identified important differences in the interaction of substrates with PfHT and the major mammalian hexose transporter (Glut) 1. For example, PfHT transports D-fructose as well as D-glucose, whereas Glut1 is selective for D-glucose, and 3-O-methyl-Dglucose (3-OMG) is accommodated significantly better by PfHT (K m ϭ 1.3 Ϯ 0.3 mM) compared with Glut1 (K m Ͼ 30 mM) (7, 8) . These differences provided the basis for deriving selective inhibitors of PfHT.
Experimental Procedures
Plasmodium vivax Hexose Transporter (PvHT) Cloning. Primers containing BglII restrictions sites, and for the 5Ј end, a strong eukaryotic Kozak consensus sequence before the start codon (underlined; CACCATG) were designed based on the P. vivax hexose transporter nucleotide sequence (PvHT, Belem strain; GenBank accession no. AJ488939). These oligonucleotides were used in a PCR to amplify wild-type PvHT by using DNA extracted from a patient returning from India with vivax infection (GenBank accession no. AJ549815). PCR product was ligated into pSPGT1, which contains 5Ј and 3Ј untranslated Xenopus ␤-globin sequences as described (8) .
Uptake of Hexoses in Xenopus Oocytes. X. laevis oocytes were assayed as described previously in detail (7) . cRNA for each transporter was transcribed (MEGA-script T7 or SP6, Ambion, Austin, TX) from different linearized pSPGT1 plasmids containing cDNA encoding for Glut1 (GenBank accession no. NM138827), Glut5 (GenBank accession no. AF161071), PfHT (GenBank accession no. AJ131457), Plasmodium knowlesi hexose transporter (GenBank accession no. AJ488937), Plasmodium yoelii hexose transporter (GenBank accession no. AJ488938), or Toxoplasma gondii glucose transporter 1 (GenBank accession no. AF518411). Oocytes were injected with cRNA (Ϸ10 ng per oocyte) (9, 10) and RNase-free water-injected oocytes acted as controls. Competition assays on hexose uptake were performed 36-48 h after microinjection, at room temperature and for 20-30 min, on groups of eight oocytes in Barth's medium. Competition by hexose analogues on glucose uptake was studied in Barth's medium containing radiolabelled glucose (2. Each result was confirmed by at least three independent experiments. Statistical comparisons between groups were carried out with Student's t test or multivariate ANOVA as appropriate.
Experiments on Cultured P. falciparum. Parasites (clones 3D7 and K1) were cultured as described (11) and routinely grown in 11 mM glucose. For experiments that varied glucose or fructose concentrations, glucose-free RPMI medium 1640 was supplemented with stated concentrations of D-glucose or D-fructose. IC 50 assays were carried out in sextuplicate at 1% hematocrit and 0.5% initial parasitemia, by using asynchronous cultures. 
Results
Identification of an Inhibitor of PfHT. Our previous work suggested that differences between PfHT and Glut1 in interacting at the -3 position in glucose could be usefully exploited. To confirm this, we initially examined other positions in D-glucose by using O-methyl derivatives as competitors in uptake assays of Dglucose mediated by PfHT and Glut1 (Fig. 1a) . Highest selectivity for inhibition of D-glucose uptake for PfHT was confirmed We examined in greater detail O-3 derivatives of D-glucose as selective inhibitors of hexose uptake by PfHT (Fig. 1b) . 3-Ohydroxyethyl-D-glucose was neither selective for PfHT nor did it significantly inhibit uptake of fructose. 3-O-ethyl-D-glucose and 3-O-benzyl-D-glucose inhibited D-glucose uptake but in relatively high concentrations (10 mM, Fig. 1b) , whereas 3-O-((undec-10-en)-1-yl-D-glucose (1 mM, compound 3361) was a highly selective inhibitor of both D-glucose and D-fructose uptake mediated by PfHT (Ͼ98% inhibition; P Ͻ 0.0001 for both substrates). No inhibition of Glut1 mediated D-glucose uptake was observed at this concentration of compound 3361 (P Ͼ 0.1; Fig. 1c) . K I values for PfHT were determined for these O-3 hexose derivatives and confirmed that compound 3361 is a specific inhibitor of PfHT (K I ϭ 53 Ϯ 19 M) compared with Glut1 (K I ϭ 3.3 Ϯ 0.21 mM), giving a selectivity index (Glut1͞ PfHT) SI glucose ϭ 62. Compound 3361 inhibits D-glucose uptake by PfHT at least 30 times more actively than the other derivatives. This selectivity is even greater for D-fructose uptake mediated by PfHT (Table 1) , for two reasons; first because the K I value for compound 3361 is lower using D-fructose as substrate and secondly because highly selective Glut5-mediated D-fructose uptake cannot be inhibited by 3361 (2 mM) when it is expressed in Xenopus oocytes (Fig. 1c) .
Site of Action of Compound 3361. In previous work, we showed that a single amino acid mutation (Q169N) in helix 5 of PfHT determines fructose selectivity (8) . Fructose transport is abolished, but affinity for D-glucose is unaltered by this change. Strikingly, this helix 5 mutant is 5-fold less susceptible to inhibition of D-glucose uptake by compound 3361 ( Table 2 ), suggesting that the molecular site of interaction with compound 3361 involves the ''fructose filter'' of helix 5. Interestingly, helix 7 mutants have a similar affinity for D-glucose compared with native sequence (17) . These mutants are susceptible to inhibition by compound 3361 with similar inhibitory constants compared with wild-type sequence ( Table 2) .
Killing of P. falciparum in Cultures. IC 50 values were determined for the O-3 glucose derivatives in Table 1 , by using cultured parasites. The K I estimates for inhibition of D-glucose uptake for these derivatives are in a similar rank order when determined in oocytes as the IC 50 values obtained in P. falciparum cultured with D-glucose. Furthermore, compound 3361 is at least 230 times more effective in inhibiting parasite growth than other O-3 derivatives shown in Table 1 .
To confirm that PfHT is the target for compound 3361 in cultured parasites (as it is in oocytes expressing PfHT), we determined the relationship between extracellular hexose concentrations and IC 50 values by inhibition of hypoxanthine incor- Fig. 2a show that increasing D-glucose or D-fructose concentrations decreases the inhibitory activity of compound 3361. There is a linear relationship between extracellular hexose concentrations and increases in IC 50 values (Fig.  2a) . The magnitude of increase in extracellular D-glucose (e.g., 5 mM to 10 mM; 2-fold) is closely related to corresponding increases in IC 50 values (from 36.7 Ϯ 2.2 to 76.6 Ϯ 2.2 M; also 2-fold).
poration. Results in
To exclude the possibility that varying glucose concentrations changes IC 50 values for conventional antimalarials, we measured the IC 50 for chloroquine for parasites grown in 4 mM and 10 mM D-glucose and found it to be 13.5 nM and 15 nM, respectively. Furthermore, the IC 50 values of compound 3361 for a multidrug resistant strain of P. falciparum (K1) (18) are comparable to those for a chloroquine-sensitive strain at glucose concentrations that encompass the range tested (Fig. 2, asterisks) . Similar observations hold when extracellular D-fructose concentrations are varied (e.g., increasing fructose concentrations from 20 to 40 mM is associated with an increase in IC 50 values from 13.4 Ϯ 2.8 to 33.9 Ϯ 2.9 M; 2-fold change). Morphological changes in parasites exposed to compound 3361 are shown in Fig. 2b . These reveal abnormal vacuole formation on exposure to this compound at different stages of parasite development including ring stages and trophozoites. Because neither Glut1 nor Glut5 are inhibited by compound 3361 at concentrations that kill parasites ( Fig. 1c and Table 1 ), we conclude that PfHT is the target for compound 3361 in vivo.
Inhibition of Plasmodium berghei Growth. We extended our in vitro observations to assess the inhibition of an orthologue of PfHT encoded by the rodent malaria parasite P. yoelii (PyHT) and expressed in Xenopus oocytes (19) . For D-glucose uptake mediated by PyHT, the K I for compound 3361 (80 M) is similar to that for PfHT (Tables 1 and 2 ). The closely related P. berghei͞ mouse model was used in a standardized 4-day suppression test with compound 3361 (25 mg͞kg; administered i.p. twice daily). There was significant suppression of parasitaemia from 13.32 Ϯ 1.46% in untreated infected mice to 8 Ϯ 0.38% in treated mice (a reduction of 40%; P ϭ 0.005), confirming the efficacy of 3361 in vivo. Comparable morphological changes were induced by compound 3361 in vivo in P. berghei (Fig. 2b) and P. falciparum cultures, and consist of extensive vacuole formation in parasites. More detailed pharmacokinetic studies will be needed to optimize in vivo efficacy.
Inhibition of Other PfHT Orthologues. P. knowlesi and P. vivax are phylogenetically closely related parasites. Their hexose transporters have Ϸ84% sequence identity (19) . The K m for glucose of the vivax transporter, PvHT, is a mean Ϯ SEM of 0.85 Ϯ 0.22 Table 1 . Inhibition by O-3 derivatives of D-glucose on hexose transport mediated by PfHT in oocytes and on cultured P. falciparum PyHT, P. yoelii hexose transporter; PvHT, P. vivax hexose transporter; PkHT, P. knowlesi hexose transporter; TgGT1, T. gondii glucose transporter. Mutants of PfHT are indicated individually. The K I value for the Q169N (helix 5) mutant was significantly (P Ͻ 0.001; multiple ANOVA with Bonferroni's correction) higher than for native PfHT (Table 1 ) and helix 7 mutants. mM, compared with a previously published value for P. knowlesi hexose transporter of 0.67 Ϯ 0.16 mM (19) . Both these hexose transporters are also inhibited with very similar K I values (Ϸ0.11 mM) by compound 3361 when expressed in oocytes (Table 2) .
These K I values contrast with the K I determined for the glucose transporter of T. gondii, another apicomplexan parasite, which is relatively insusceptible to inhibition by 3361 (K I Ϸ 2 mM). They confirm the relatively high specificity of compound 3361 for hexose transporters of Plasmodium spp., particularly for the two most important human pathogens: P. falciparum and P. vivax.
Discussion
We have previously suggested a simple model for hexose permeation in P. falciparum-infected erythrocytes in which glucose and fructose enter erythrocytes through Glut1 and Glut5, respectively, but both hexoses are taken up by PfHT into parasites (3). Our experimental findings using a specific inhibitor of PfHT are entirely consistent with this model for hexose permeation pathways in infected erythrocytes. Despite the amphipathic nature of compound 3361, nonspecific effects on membrane structure and function are likely to be minimal because the activity of Gluts is unimpaired in Xenopus oocytes at concentrations of compound 3361 that kill parasites. In addition, this inability of compound 3361 to inhibit hexose transport by mammalian Gluts in submillimolar concentrations excludes Gluts as being important targets that mediate parasite killing. The specificity of compound 3361 is also emphasised by the lack of inhibition of glucose uptake mediated by T. gondii glucose transporter 1, an apicomplexan hexose transporter with which Plasmodium hexose transporters share 35-42% amino acid identity, compared with Ͻ30% identity with mammalian Gluts (19) .
It is possible that compound 3361 acts on posttransport metabolism of parasites such as phosphorylation by hexokinase, but several experimental results argue against this. First, the observation that both fructose and glucose compete with compound 3361 in killing parasites (Fig. 2a) supports the idea that PfHT is the molecular target in parasites, as it is in oocytes, because it is unlikely that similar competitive effects would be observed if compound 3361 were to act on different enzymes dealing with glucose and fructose in early glycolysis. Second, the rank order for inhibition of PfHT by O-3 derivatives in oocytes is preserved in the rank order for inhibition of growth of P. falciparum-infected erythrocytes (Table 1) . Finally, the molecular site of interaction of PfHT with compound 3361 has been narrowed to the region of the ''fructose filter'' in helix 5 by analysis of previously characterized mutants of PfHT ( Table 2) . The sugar moiety in compound 3361 probably interacts with amino acid residues in Helix 5 of PfHT that are involved in substrate discrimination (17) . This glucose portion of compound 3361 may be envisaged to be the ''ball'' of a lollipop, where the stick is the long aliphatic side chain that presumably associates with lipid leaflets of the plasma membrane. Compound 3361 appears to act as a competitive inhibitor of PfHT, and is effective in micromolar concentrations, compared with millimolar concentrations of substrate that are presented to the infected erythrocyte.
We have developed a novel specific inhibitor of the hexose transporter of P. falciparum and shown that it kills parasites (including a multidrug-resistant line) in vitro, as well as suppressing P. berghei development in vivo. These findings confirm our hypothesis that PfHT is the critical mediator of hexose delivery to P. falciparum in erythrocytes, and is a worthy novel drug target.
Rational antimalarial drug development directed against PfHT can now proceed, either with compound 3361 as a lead, or by using alternative combinatorial approaches. Concurrent comparisons with mammalian orthologues will continue to be invaluable in identifying molecular determinants of antimalarial specificity.
